Earlier, we reported that pathogen-associated molecular patterns such as lipopolysaccharide (LPS), when administered intratracheally (i.t.), affected primary and secondary specific antibody responses to antigens administered concurrently, either i.t. or systemically, and also affected BW gain (BWG) of layers and broilers. In the present study, we evaluated the effects of repeated i.t. challenge with LPS concurrently with or before i.t. immunizations with the specific antigens human serum albumin (HuSA) and rabbit gamma globulin (RGG) on primary (HuSA, RGG) and secondary (HuSA) systemic antibody responses and (isotype) IgM and IgG responses at 2 different ages. Broilers were challenged via the trachea at 3 and 7 wk of age with various combinations of LPS, HuSA, and RGG. All treatments affected immune responses at several time points and also affected BWG, albeit temporarily for the latter. Lipopolysaccharide enhanced primary antibody responses to HuSA and to RGG, when challenged concurrently, but birds challenged solely with LPS at 3 wk of age also showed enhanced primary antibody responses to HuSA and RGG given at 7 wk of age. This was true for IgM as well as IgG isotype responses. Lipopolysaccharide challenge negatively affected BWG at 3 wk of age, whereas the negative effects of LPS after a secondary LPS challenge at 7 wk of age were most pronounced in the birds challenged with LPS at 3 wk of age. The present results indicated that LPS, when administered i.t. at a young age, may affect specific humoral immune responsiveness to antigens administered simultaneously and to BWG of broilers, but also when challenged 4 wk later with specific antigens, suggesting an enhanced status of immune reactivity or sensitivity. The hygienic status of broiler houses at a young age may thus influence BWG, immune responsiveness, and, consequently, the vaccine efficacy and disease resistance in broilers at later ages. The consequences of our findings are discussed.
INTRODUCTION
An important part of fine dust found in poultry (and other animal) houses is formed by microbes, skin (Collins and Algers, 1986) , and pathogen-associated molecular patterns (PAMP), either airborne or derived from microbes in feed or feces. Pathogen-associated molecular patterns can bind to "specific" innate Toll-like receptors (TLR) expressed by antigen-presenting cells, which, in mammals and likely also in poultry via the release of cytokines, direct specific immune responses toward T helper (TH) 2-mediated antibodies, TH1-me-diated cellular inflammatory responses (de Jong et al., 2002; Kapsenberg, 2003) , or TH17 responses (Betelli et al., 2007) . High levels of PAMP, such as lipopolysaccharide (LPS), found on gram-negative bacteria; lipoteichoic acid (LTA), derived from gram-positive bacteria; β-glucans, found on yeast; and many others are present in chicken houses, either airborne or as part of dust. Chickens may inhale (approximately 1 m 3 of air/24 h) PAMP, obtain them via the cloaca or the eyes, or take them up orally. Concentrations of airborne endotoxins (LPS) and β-glucans ranging from 240 to 13,400 endotoxin units/m 3 (1 endotoxin unit/m 3 ≈ 0.1 ng/m 3 ; Anonymous, 1998; Douwes, 1998; Douwes et al., 2004) up to 63 μg/m 3 (Pomorska et al., 2007) have been found in chicken houses.
Various PAMP, such as LPS, when administered intratracheally (i.t.), modulated primary and second-ary immune responses and BW gain (BWG) of layers (Ploegaert et al., 2007; Parmentier et al., 2008) and broilers (Lai et al., 2009 ) in a dose-dependent fashion. Next, various effects, such as increased pulmonary arterial pressure (Wideman et al., 2004; Chapman et al., 2005) , decreased respiratory capacity and death (Rocksén et al., 2004) , and reduced BWG early after exposure (Lai et al., 2009) , were found in LPS-challenged broilers. In both layers and broilers, the negative effect of secondary or repeated LPS challenge on BWG was less severe, suggesting a refractive response of poultry to LPS (Korver et al., 1998; Parmentier et al., 2006) as a form of "memory" or adaptation of the birds to LPS by mechanisms yet to be defined.
Antigen-presenting cells express TLR and may respond to various types of PAMP via the release of various types of cytokines (Prescott and Dunstan, 2005; Lee and Iwasaki, 2007) . However, immune responses to or initiated by PAMP are probably not restricted to components of the innate immune system. Mammalian CD4 + T regulator cells (Tregs; Caramalho et al., 2003; Xu et al., 2004) , CD8 + Tregs (Prescott and Dunstan, 2005) , and B cells (Bernasconi et al., 2003; Quintana et al., 2008) , all being part of the acquired or specific immune system, also expresses various TLR and have been shown to respond to PAMP such as LPS. The "improved hygiene" hypothesis states that the ability to regulate proper balances of immune responses by Tregs rests on the appropriate microbial exposure during early life. Early-life exposure of Tregs to PAMP may accelerate maturation of regulatory pathways (Caramalho et al., 2003) in mammals, whereas TH1-and TH2-mediated hypersensitivity and allergy may rest on a lack of (CD8 + ) Treg maturation by early PAMP exposure (Prescott and Dunstan, 2005) . Recognition of specific proteins leads to antigen-specific memory, but (nonspecific) recognition of danger signals by the innate immune system may determine the size, nature, and longevity of a specific response. Recognition of danger might have long-lasting effects on CD8 memory T cells, specifically enhancing early cytokine release and altering the nature of subsequent immune responses (Noble, 2009 ). Finally, PAMP activation of TLR on B cells might be involved in the maintenance of antigen-specific and antigen-nonspecific humoral memory (Bernasconi et al., 2003) . It is unknown whether PAMP such as LPS affect the T and B cells of poultry, and if so, the consequences thereof.
In the present study, we evaluated 1) the effect of early exposure (at 3 wk of age) to LPS in the presence or absence of a concurrent immunization with a specific antigen (HuSA) to measure the effect of LPS on primary T-cell-dependent specific antibody responses to HuSA, 2) the effect of repeated exposure to LPS at 7 wk of age in the presence or absence of HuSA to measure the effects LPS on secondary antibody responses to HuSA, 3) the effect of concurrent LPS and rabbit gamma globulin (RGG) challenge at 7 wk of age on primary antibody responses to RGG, and 4) the ef-fect of early (3 wk of age) LPS exposure on specific antibodies to primary HuSA or RGG responses 4 wk later. We hypothesized that LPS may enhance specific T-cell-dependent antibody responses at 3 and 7 wk of age, whereas a lack of enhancement of secondary antibody responses at 7 wk of age might reflect regulation. Whether early exposure to LPS (3 wk of age) might also modulate T-cell-dependent antibody responses, either primary or secondary, in a non-antigen-specific fashion later in life (7 wk of age) was also the subject of this study. In addition, isotype-specific (IgM, IgG) antibody responses were measured as an indication of Tcell involvement (levels of IgG isotype antibody). The consequences of our findings are discussed.
MATERIALS AND METHODS

Birds and Husbandry
The experiment was conducted with 132 commercially obtained slow-growing (Hubbard ISA) Hubbard JA 957 male broilers (paternal M99 × maternal JA57 lines). The birds were housed in 11 sawdust-covered floor pens (2.5 × 3 × 2.5 m) with 12 birds/group (1 to 11) during the entire experimental period. The light regimen was 14L:10D, and temperatures varied between 18 and 24°C during the entire observation period. The birds were fed ad libitum with a standard broiler diet (204 g/kg of CP, 2,859 kcal/kg of ME). Water was provided ad libitum via drinking nipples. Chicks were vaccinated with (all live) vaccines for Newcastle disease, infectious bursal disease, and infectious bronchitis at hatch. The experiment was approved by the Animal Welfare Committee of Wageningen University according to Dutch law.
Reagents
Human serum albumin (lot H3383), and Escherichia coli-derived LPS (lot L2880-017K4097) were from Sigma Chemical Co. (St. Louis, MO). Rabbit gamma globulin (lot 68007) was from ICN (Aurora, OH).
Experimental Design
The experimental design is shown in Table 1 . Treatments at 3 wk of age were designated as challenge 1 (1 to 4) . The 11 combinations of treatments at 3 wk of age (challenge 1) and 7 wk of age (challenge 2) were designated as groups (1 to 11) . At 3 wk of age (i.e., d 0 of the experiment), all birds (12 birds/group) from groups 1, 2, and 10 were challenged i.t. with 0.5 mL of PBS (challenge 1-1). Groups 3, 5, and 8 were challenged i.t. with 0.5 mg of LPS and 0.1 mg of HuSA in 0.5 mL of PBS (challenge 1-2). Groups 4, 6, and 11 were challenged i.t. with 0.5 mg of LPS (challenge 1-3), and groups 7 and 9 were challenged with 0.1 mg of HuSA in 0.5 mL of PBS (challenge 1-4) by gently placing a 1.2 × 60 mm blunted anal cannula (InstruVet, Cuijk, the Netherlands) on a 1-mL syringe in the trachea of the bird. At 7 wk of age, all birds from groups 1, 3, 4, and 7 were challenged i.t. with 0.1 mg of HuSA and 0.1 mg of RGG and 0.5 mg of LPS in 0.5 mL of PBS (challenge 2-1); groups 2, 5, and 6 were challenged with 0.1 mg of RGG and 0.5 mg of LPS in 0.5 mL of PBS (challenge 2-2); and groups 8, 9, 10, and 11 were challenged i.t. with 0.1 mg of HuSA and 0.1 mg of RGG in 0.5 mL of PBS (challenge 2-3). At d 0, 3, 7, 10, 14, 21, and 28 after primary i.t. challenge and at d 0, 3, 7, 10, 14, and 21 after secondary i.t. challenge, 0.5 mL of heparinized blood was collected from the wing vein from all birds. Plasma was stored at −20°C until use. Body weight was measured at 3 and 7 wk of age on the day of challenge 1, or immediately before and 24 h after challenge 2. At 10 wk of age, all birds were killed, and BW was measured.
Humoral Immune Response to HuSA, RGG, and LPS
Total antibody titers to HuSA, RGG, and LPS in the plasma from all birds were determined by ELISA at d 0, 3, 7, 10, 14, 21, and 28 after challenge 1 with PBS, LPS, HuSA, or their combination, and at d 0, 3, 7, 10, 14, 21 after challenge 2 with HuSA, RGG, LPS, or their combination. Briefly, 96-well plates were coated with 4 μg/mL of HuSA, 4 μg/mL of LPS, or 4 μg/mL of RGG. After subsequent washing with H 2 O containing 0.05% Tween, the plates were incubated for 60 min at room temperature with serial 4-step double dilutions of plasma in PBS containing 1% horse serum and 0.05% Tween. Binding of total antibodies to HuSA, RGG, or LPS antigen was detected after 1 h of incubation at room temperature with 1:20,000 in PBS (containing 1% horse serum and 0.05 Tween) diluted rabbit anti-chicken IgG H+L coupled to peroxidase (RACh/IgG H+L /PO, Nordic, Tilburg, the Netherlands). Immunoglobulin M, and IgG antibodies binding to HuSA, LPS, or RGG Table 1 . Experimental setup and treatments at 3 and 7 wk of age Challenge 1 1 Challenge 2 2 Group Figure 1 . The time course of the primary total (A), IgM (B), and IgG (C) antibody titers (y-axis) to human serum albumin (HuSA) of birds immunized intratracheally with PBS (challenge 1-1: x-axis, bar 1); HuSA + LPS (challenge 1-2: x-axis, bar 2); LPS (challenge 1-3:
x-axis, bar 3); or HuSA (challenge 1-4: x-axis, bar 4), respectively, at 3 wk of age. Data represent mean antibody titers on d 0, 3, 7, 10, 14, 21, and 28 (z-axis) after primary immunization, as estimated by ELI-SA of serial dilutions of sera from 12 birds/group and using 1:20,000 diluted rabbit anti-chicken IgG H+L coupled to peroxidase (RACh/ IgG H+L /PO; Nordic, Tilburg, the Netherlands) for total antibodies, 1:20,000 diluted goat anti-chicken IgM coupled to PO (GACh/IgM/ PO; Bethyl, Montgomery, TX) for IgM, or 1:20,000 diluted goat antichicken IgG Fc coupled to PO (GACh/IgG Fc /PO; Bethyl) for IgG. pi = postimmunization.
Figure 2.
The time course of the secondary total (A), IgM (B) and IgG (C) antibody titers (y-axis) to human serum albumin (HuSA) of birds immunized intratracheally with HuSA + LPS + rabbit gamma globulin (RGG; x-axis, groups 1, 3, 4, and 7), LPS + RGG (x-axis, groups 2, 5, and 6), or HuSA + RGG (x-axis, groups 8, 9, 10, and 11), respectively, at 7 wk of age. Data represent mean antibody titers at d 0, 3, 7, 10, 14, and 21 after secondary immunization (z-axis), as estimated by ELISA of serial dilutions of sera from 12 birds/treatment group and using 1:20,000 diluted rabbit anti-chicken IgG H+L coupled to peroxidase (RACh/IgG H+L /PO; Nordic, Tilburg, the Netherlands) for total antibodies, 1:20,000 diluted goat anti-chicken IgM coupled to PO (GACh/IgM/PO; Bethyl, Montgomery, TX) for IgM, or 1:20,000 diluted goat anti-chicken IgG Fc coupled to PO (GACh/IgG Fc /PO; Bethyl) for IgG. pi = postimmunization.
were determined on all days as well. After incubation with serial dilutions of plasma and subsequent washing, bound isotype-specific antibodies to HuSA, LPS, or RGG were detected using 1:20,000 diluted goat antichicken IgM coupled to PO (GACh/IgM/PO) directed to the μ heavy chain of IgM (Bethyl, Montgomery, TX), or 1:20,000 diluted goat anti-chicken IgG Fc coupled to PO (GACh/IgG Fc /PO; Bethyl), respectively. After washing, tetramethylbenzidine and 0.05% H 2 O 2 were added and incubated for 10 min at room temperature. The reaction was stopped with 50 μL of H 2 SO 4 . Extinctions were measured with a Multiscan instrument (Labsystems, Helsinki, Finland) at a wavelength of 450 nm. A pool of plasma taken from all birds on d 7 after challenge at 7 wk of age was used as a positive standard for RGG, and pooled known positive samples for HuSA and LPS were used for HuSA and LPS, respectively. Positive standards were included in each plate. Titers were expressed as log 2 values of the dilutions that gave an extinction closest to 50% of E max , where E max represents the highest mean extinction of a standard positive (pooled) plasma present on every microtiter plate.
Statistical Analysis
Antibody titers (total immunoglobulin, IgM, and IgG) to HuSA, LPS, or RGG at 3 wk of age were analyzed by 2-way ANOVA for the effect of challenge 1 (PBS, HuSA + LPS, LPS, or HuSA), time, and their interactions using the repeated measurement procedure, with bird nested within challenge 1. Antibody titers (total immunoglobulin, IgM, and IgG) to HuSA, LPS, or RGG at 7 wk of age were analyzed by 2-way ANOVA for the effect of the combined challenge 1 and challenge 2 treatments (11 groups), time, and their interactions using the repeated measurement procedure, with bird nested within group. At every time point after challenge 1 at 3 wk of age or challenge 2 at 7 wk of age, a one-way ANOVA was done for the effect of challenge 1 (3 wk) or group (7 wk), respectively, on antibody titers to HuSA, LPS, and RGG. A one-way ANOVA was done to determine differences in BWG after challenges at 3 and 7 wk of age. All analyses were according to GLM procedures (SAS Institute, 1990) . Multiple mean differences between challenge 1 treatments at 3 wk of age or groups at 7 wk of age in the repeated measurement procedure and the one-way ANOVA at every time point were tested with Bonferroni's test.
RESULTS
Antibody Titers to HuSA
The kinetics of primary and secondary total antibodies, isotype-specific IgM, and IgG titers to HuSA in plasma from birds concurrently immunized i.t. with combinations of LPS and HuSA at 3 wk of age (challenge 1) and combinations of LPS, HuSA, and RGG at 7 wk of age (groups) are shown in Figures 1 and 2, respectively. Least squares means of mean total and isotype (IgM, IgG)-specific antibody titers to HuSA for 4 wk after challenge 1 at 3 wk of age, and for 3 wk after challenge 2 at 7 wk of age (groups) with different combinations of LPS, HuSA, and RGG are shown in Table  2 (3 wk) and Table 3 (7 wk), respectively.
Total (Primary) Antibody Responses to HuSA at 3 wk of Age
Titers of antibodies binding HuSA were highest at 7 d (challenge 1-4) and 7 to 14 d (challenge 1-2) after i.t. challenge for the birds that received HuSA ( Figure  1A ). Titers to HuSA were low in birds that received LPS or PBS alone (challenges 1-1 and 1-3). The highest titers were found in birds receiving HuSA + LPS (challenge 1-2; Figure 1A ). Total (primary) antibody titers to HuSA were significantly affected by a challenge 1 × time interaction (P < 0.05; Table 2 ) and a challenge 1 effect. Significantly higher total antibody titers to HuSA were found in birds challenged with either LPS and HuSA (challenge 1-2) or HuSA alone (challenge 1-4) as compared with birds treated with PBS (challenge 1-1) or LPS (challenge 1-3). At d 14, birds sensitized to LPS + HuSA (challenge 1-2) showed significantly higher total antibody titers to HuSA than did birds challenged solely with HuSA (challenge 1-4; Figure 1A ).
Isotype-Specific (Primary) Antibody Titers to HuSA at 3 wk of Age
Titers of IgM-binding HuSA gradually increased over time and were highest in the groups that received HuSA and LPS concurrently (challenge 1-2; Figure 1B ). Immunoglobulin M isotype-specific (primary) antibody responses to HuSA during the observation period were affected by a challenge 1 treatment × time interaction (P < 0.05; Table 2 ) but were not affected by a challenge 1 treatment (P > 0.05). On d 14, birds sensitized to LPS + HuSA (challenge 1-2) showed significantly higher IgM antibody titers to HuSA than did birds challenged solely with HuSA (challenge 1-4; Figure 1B ).
Titers of IgG-binding HuSA were, in general, highest at d 10 for the birds that received HuSA (challenge [1] [2] [3] [4] or HuSA + LPS (challenge 1-2). Of these groups, the highest IgG titers were found in birds receiving HuSA + LPS, and lower IgG titers were found in birds receiving HuSA alone ( Figure 1C ). Immunoglobulin G isotypespecific primary antibody responses to HuSA during the observation period were affected by a challenge 1 treatment × time interaction (P < 0.05; Table 2 ) and a challenge 1 treatment effect. Significantly higher total antibody titers to HuSA were found in birds challenged with LPS + HuSA (challenge 1-2) or with HuSA alone (challenge 1-4) as compared with birds treated with PBS (challenge 1-1) or with LPS alone (challenge 1-3). At specific time points, there were no significant dif-ferences in IgG antibody titers binding HuSA between birds challenged solely with HuSA (challenge 1-4) and birds challenged with LPS + HuSA (challenge 1-2).
Total Specific Antibody Responses to HuSA at 7 wk of Age
Total antibody titers to HuSA peaked at 10 d after challenge at 7 wk of age in all groups challenged with HuSA (groups 1, 3, 4, 7, 8, 9, 10, and 11) , whereas no or low responses were found in the groups that did not receive HuSA at 7 wk of age (groups 2, 5, and 6; Figure  2A ). Total antibody titers to HuSA at 7 wk of age were significantly affected by a group × time interaction (P < 0.05; Table 3 ) and by group (P < 0.05; Table 3 ). The highest titers were found in group 4 (which received LPS alone at 3 wk of age), followed by group 7 (HuSA at 3 wk and HuSA + LPS at 7 wk of age), group 8 (HuSA + LPS at 3 wk and HuSA at 7 wk of age), and group 1 (PBS at 3 wk and HuSA at 7 wk of age). Titers to HuSA in these groups were all significantly higher than titers to HuSA in group 3 (HuSA + LPS at 3 and 7 wk of age) and in all other groups (Table  3 ). Significant differences were found between group 4 (LPS at 3 wk), group 1 (PBS at 3 wk), and group 3 (HuSA + LPS at 3 wk); group 8 (HuSA + LPS at 3 wk) vs. group 9 (HuSA at 3 wk); and group 10 (PBS at 3 wk) and group 11 (LPS at 3 wk; Table 3 ). At all time points, the highest total antibody titers to HuSA were found in birds that received LPS alone at 3 wk (group 4). At 10 and 14 d, except for titers of group 4, birds that received HuSA + LPS (+ RGG) at 7 wk (groups 1 and 7) and birds that received LPS + HuSA at 3 wk (group 8) also had significantly higher titers to HuSA than did birds in the other groups (Figure 2A ).
Isotype-Specific Antibody Responses to HuSA at 7 wk of Age
Immunoglobulin M isotype-specific antibody titers to HuSA peaked at 7 (groups 3 and 4) or 10 (groups 1, 7, 8, 9, 10, and 11) days after challenge at 7 wk of age in all groups challenged with HuSA, whereas lower responses were found in the groups that did not receive HuSA at 7 wk of age (groups 2, 5, and 6; Figure 2B ). Immunoglobulin M isotype-specific antibody titers to HuSA at 7 wk of age were significantly affected by a group × time interaction (Table 3 ; P < 0.05) and by group (P < 0.05; Table 3 ). The highest titers, as estimated by repeated measurement procedures, were found in group 4 (which received LPS alone at 3 wk of age), followed by group 1 (PBS at 3 wk of age and HuSA + LPS at 7 wk of age), and then by all other groups (Table 3) . Immunoglobulin M titers binding HuSA were highest in group 4 (d 7, 10, and 14), in birds that received LPS alone at 3 wk and LPS + HuSA + RGG at 7 wk, and in group 1 (d 7, 10, 14, 21) , which received HuSA + LPS + RGG at 7 wk ( Figure 2B ).
Immunoglobulin G isotype-specific antibody titers to HuSA peaked at d 7 (group 7), d 10 (groups 3, 4, 8, 9, and 10), or d 14 (group 11) after challenge at 7 wk of age in all groups challenged with HuSA, whereas lower responses were found in the groups that did not receive HuSA at 7 wk of age (groups 2, 5, and 6; Figure  2C ). Immunoglobulin G isotype-specific antibody titers to HuSA at 7 wk of age were significantly affected by Table 2 . Total (IgT) and isotype (IgM, IgG) plasma antibody titers to human serum albumin (HuSA) for 4 wk after primary intratracheal (i.t.) immunization with HuSA at 3 wk of age in the presence of PBS, HuSA, and lipopolysaccharide (LPS) 1
Groups
Challenge 1 2, 4 > 1, 3 Time *** *** *** Challenge 1 × time *** *** *** a,b Means within a column with different superscripts denote significant differences between challenge 1 treatments. 1 Data represent repeated measurements of antibody titers at d 0, 3, 7, 10, 14, 21, and 28 after primary immunization, as estimated by ELISA of serial dilutions of sera from 12 birds/group and using 1:20,000 diluted rabbit anti-chicken IgG H+L coupled to peroxidase (RACh/IgG H+L /PO; Nordic, Tilburg, the Netherlands) for IgT, 1:20,000 diluted goat anti-chicken IgM coupled to PO (GACh/IgM/PO; Bethyl, Montgomery, TX) for IgM, and 1:20,000 diluted goat anti-chicken IgG Fc coupled to PO (GACh/IgG Fc /PO; Bethyl) for IgG. 3, 5, 6, 7, 8, 9, 10, 11 4,8 ≥ 1,7 ≥ 3 ≥ 2, 5, 6, 9, 10 Means within a column with different superscripts denote significant differences within challenge 1 treatments.
x,y Means within a column with different superscripts denote significant differences between challenge 2 treatments receiving HuSA. 1 Data represent repeated measurements of antibody titers at d 0, 3, 7, 10, 14, and 21 after secondary immunization, as estimated by ELISA of serial dilutions of sera from 12 birds/group and using 1:20,000 diluted rabbit anti-chicken IgG H+L coupled to peroxidase (RACh/IgG H+L /PO; Nordic, Tilburg, the Netherlands) for IgT, 1:20,000 diluted goat anti-chicken IgM coupled to PO (GACh/IgM/ PO; Bethyl, Montgomery, TX) for IgM, and 1:20,000 diluted goat anti-chicken IgG a group × time interaction (P < 0.05; Table 3 ) and by group (P < 0.05; Table 3 ). The highest titers were found in group 4 (which received LPS alone at 3 wk of age and HuSA + LPS at 7 wk of age) and group 8 (which received HuSA + LPS at 3 wk of age and HuSA at 7 wk of age), followed by group 1 (which received PBS at 3 wk of age and HuSA + LPS at 7 wk of age) and group 7 (which received HuSA at 3 wk of age and HUSA + LPS at 7 wk of age), and then all other groups (Table 3) . At d 7, 10, 14, and 21, significantly higher IgG antibody titers to HuSA were found in group 4 birds, which received LPS alone at 3 wk; in group 1 and 7 birds, which received LPS + HuSA + RGG at 7 wk; and in group 8 birds, which received HuSA + LPS at 3 wk ( Figure 2C ).
Antibody Titers to LPS
Least squares means of mean total and isotype (IgM, IgG)-specific antibody titers to LPS for 4 wk after i.t. challenge at 3 wk (challenge 1) and for 3 wk after i.t. challenge (challenge 2) at 7 wk of age with different combinations of LPS, HuSA, and RGG are shown in Table 4 (3 wk) and Table 5 (7 wk).
Total and Isotype-Specific Primary Antibody Titers to LPS at 3 wk of Age
Total and isotype-specific IgG titers to LPS, but not isotype-specific IgM titers to LPS, were affected by a challenge 1 treatment × time interaction (P < 0.05; Table 4 ). Sensitization with LPS (challenge 1-2 and 1-3) at 3 wk of age enhanced the IgG titers to LPS as compared with the groups that received HuSA alone (challenge 1-4) at 3 wk of age.
Total and Isotype-Specific Antibody Titers to LPS at 7 wk of Age
Total antibody titers to LPS at 7 wk of age were affected by a group × time interaction and by group (P < 0.05; Table 5 ). The highest titers were found in group 6 birds (LPS at 3 wk wk of age and LPS + RGG at 7 wk of age), followed by group 5 (LPS + HuSA at 3 wk of age and LPS + RGG at 7 wk of age), group 7 (HuSA at 3 wk of age and LPS + HuSA + RGG at 7 wk of age), group 8 (LPS + HuSA at 3 wk of age and HuSA + RGG at 7 wk of age), and group 9 (HuSA at 3 wk of age and HuSA + RGG at 7 wk of age), and then by the other groups. Isotype-specific IgM and IgG titers to LPS were affected by a group × time interaction, but there was no significant group effect (Table  5 ). A significant difference was found between group 6 (LPS alone at 3 wk of age) and group 2 (PBS at 3 wk of age).
(Non)specific Antibody Titers to RGG
The kinetics of total antibodies and isotype-specific IgM, and IgG titers to RGG in plasma from birds concurrently immunized i.t. with combinations of LPS and HuSA at 3 wk of age, and combinations of LPS, HuSA, and RGG at 7 wk of age are shown in Figure 3 . Least squares means of mean total and isotype (IgM, IgG)specific antibody titers to RGG for 4 wk after challenge 1 and 3 wk after challenge 2 with different combina- Means within a column with different superscripts denote significant differences between challenge 1 treatments. 1 Data represent repeated measurements of antibody titers at d 0, 3, 7, 10, 14, 21, and 28 after primary immunization, as estimated by ELISA of serial dilutions of sera from 12 birds/group and using 1:20,000 diluted rabbit anti-chicken IgG H+L coupled to peroxidase (RACh/IgG H+L /PO; Nordic, Tilburg, the Netherlands) for IgT, 1:20,000 diluted goat anti-chicken IgM coupled to PO (GACh/IgM/PO; Bethyl, Montgomery, TX) for IgM, and 1:20,000 diluted goat anti-chicken IgG Fc coupled to PO (GACh/IgG Fc /PO; Bethyl) for IgG. tions of LPS, HuSA, and RGG are shown in Table 6 (3 wk) and 
Nonspecific Total and Isotype-Specific Antibody Responses to RGG at 3 wk of Age
Total and isotype-specific antibody responses to RGG at 3 wk of age increased with time (data not shown). Titers were not affected by a challenge 1 treatment effect or by a challenge 1 treatment × time interaction (Table 6) . No significant differences were found for total or IgM antibodies. At d 14, birds that received LPS (challenges 1-2 and 1-4) showed lower levels of IgG antibody binding RGG, whereas at d 21, LPS (challenges 1-2 and 1-4) significantly enhanced IgG antibody binding RGG (data not shown)
Total Specific Antibody Responses to RGG at 7 wk of Age
Total antibody titers to RGG peaked at 10 d after challenge at 7 wk of age in all groups, except for group 2, which peaked at 14 d after challenge ( Figure 3A) . Total antibody titers to RGG at 7 wk of age were significantly affected by a group × time interaction (P < 0.05; Table 7 ) and by group (P < 0.05; Table 7 ). The highest titers were found in group 4 (which received LPS at 3 wk of age), followed by group 1 (PBS at 3 wk of age and RGG + HuSA + LPS at 7 wk of age), group 5 (HuSA + LPS at 3 wk of age and RGG + LPS at 7 wk of age), group 6 (LPS at 3 wk of age and LPS + RGG at 7 wk of age), and group 7 (HuSA at 3 wk of age and HuSA + RGG + LPS at 7 wk of age), followed by all other groups. Groups 8, 9, 10, and 11 (all groups that did not receive LPS at 7 wk of age) showed the lowest titers to RGG at 7 wk of age (Table 7) . A significant difference was found between group 4 (LPS at 3 wk of age) and group 3 (HuSA + LPS at 3 wk of age). On d 7 and 10, the highest total antibodies to RGG were found in birds that received LPS alone at 3 wk (group 4; Figure 3A ).
Isotype Specific to RGG at 7 wk of Age
Immunoglobulin M isotype-specific antibody titers to RGG and IgG isotype-specific antibody titers to RGG peaked at 10 d after challenge at 7 wk of age in all groups (Figure 3B and 3C) . Immunoglobulin M isotype-specific primary antibody titers to RGG, and IgG isotype-specific primary antibody titers to RGG were affected by a group × time interaction, but no significant group effect was found ( Table 7) . The highest IgG titers to RGG were found in groups 1 and 4, namely, birds that received LPS + HuSA + RGG at 7 wk, or LPS at 3 wk and LPS + HuSA + RGG at 7 wk ( Figure 3C ). Table 5 . Total (IgT) and isotype (IgM, IgG) plasma antibody titers to lipopolysaccharide (LPS) for 3 wk after secondary immunization with LPS at 7 wk of age in the presence of human serum albumin (HuSA), LPS, and rabbit gamma globulin (RGG) 1
Group
Challenge 1 5, 7, 8, 9 ≥ 1, 2, 3, 4, 10, 11 Time *** *** *** Group × time *** *** *** -axis, groups 1, 3, 4, and 7) , LPS + RGG (x-axis, groups 2, 5, and 6), or HuSA + RGG (x-axis, groups 8, 9, 10, and 11), respectively, at 7 wk of age. Data represent mean antibody titers at d 0, 3, 7, 10, 14, and 21 (z-axis) after immunization, as estimated by ELISA of serial dilutions of sera from 12 birds/treatment group, and using 1:20,000 diluted rabbit anti-chicken IgG H+L coupled to peroxidase (RACh/IgG H+L /PO; Nordic, Tilburg, the Netherlands) for total antibodies, 1:20,000 diluted goat anti-chicken IgM coupled to PO (GACh/IgM/PO; Bethyl, Montgomery, TX) for IgM, or 1:20,000 diluted goat anti-chicken IgG Fc coupled to PO (GACh/IgG Fc /PO; Bethyl) for IgG. pi = postimmunization.
Effects of i.t. Challenges on BWG
Body weight gain at 24 h after primary challenge 1 at 3 wk of age with various combinations of LPS and HuSA was significantly affected by the challenge 1 treatment (P < 0.05; Table 8 ). A significantly lower BWG after challenge 1 at 3 wk of age was found in birds that were challenged with LPS (challenge 1-3) or LPS + HuSA (challenge 1-2) as compared with the groups that were challenged solely with HuSA (chal- Table 6 . Total (IgT) and isotype (IgM, IgG) plasma antibody titers to rabbit gamma globulin (RGG) for 4 wk after challenge 1 at 3 wk of age in the presence of PBS, human serum albumin (HuSA), and lipopolysaccharide (LPS) 1
Groups
Challenge 1 1, 5, 6, 7 ≥ 2, 3, 8, 9, 10, 11 Time *** *** *** Group × time *** *** *** a,b Means within a column with different superscripts denote significant differences within challenge 1 treatments.
x,y Means within a column with different superscripts denote significant differences between (all) challenge 2 treatments receiving RGG. 1 Data represent repeated measurements of antibody titers at d 0, 3, 7, 10, 14, and 21 after primary immunization, as estimated by ELISA of serial dilutions of sera from 12 birds/group and using 1:20,000 diluted rabbit anti-chicken IgG H+L coupled to peroxidase (RACh/IgG H+L /PO; Nordic, Tilburg, the Netherlands) for IgT, 1:20,000 diluted goat anti-chicken IgM coupled to PO (GACh/IgM/PO; Bethyl, Montgomery, TX) for IgM, and 1:20,000 diluted goat anti-chicken IgG Fc coupled to PO (GACh/IgG Fc /PO; Bethyl) for IgG. *P < 0.05; ***P < 0.0001. lenge 1-4) or PBS (challenge 1-1). Body weight gain at 24 h after i.t. challenge 2 at 7 wk of age was significantly affected by group (Table 9 ). The lowest BWG at 24 h after challenge at 7 wk of age were found in group 4 (LPS at 3 wk of age and HuSA + LPS + RGG at 7 wk of age), group 6 (LPS at 3 wk of age and LPS + RGG at 7 wk of age), group 7 (HuSA at 3 wk of age and HuSA + LPS + RGG at 7 wk of age), and group 9 (HuSA at 3 wk of age and HuSA + RGG at 7 wk of age). The highest BWG was found in group 1 (PBS at 3 wk of age and HuSA + LPS + RGG at 7 wk of age). Significant differences were found between groups 4 and 7 vs. group 1, and between group 6 vs. groups 2 and 5. No significant differences were found between groups 8, 9, 10, and 11 (i.e., all birds that did not receive LPS at 7 wk of age).
DISCUSSION
We evaluated modulatory features of challenge with LPS on specific primary antibody responses to HuSA or RGG, and secondary antibody responses to HuSA, decreased BWG after i.t. challenge of growing broilers with combinations of LPS and HuSA at 3 wk of age, and combinations of challenges with LPS + HuSA + RGG at 7 wk of age. Lipopolysaccharide is a major constituent of airborne dust in chicken houses, and like other components of dust, may modulate immune responses (for instance to vaccines and infection) and growth of broilers via the respiratory tract. Previously, we found that (combinations of) LPS, LTA, β-glucan, and chitin, as important and representative PAMP from gramnegative bacteria (LPS), gram-positive bacteria (LTA), yeast (β-glucan), and arthropods (chitin), respectively, also affected specific immune responses of broilers (Lai et al., 2009 ) and layers (Ploegaert et al., 2007) after i.t. challenge. We chose HuSA and RGG as model antigens because they are not part of poultry vaccines (additives). Antibody responses were measured because they provide information on kinetics of the specific humoral immune system. Isotype-specific IgM and IgG titers to these antigens were measured because they may shed light on the involvement of T cells (IgG antibodies) as well as memory responses, especially after secondary challenge (to HuSA). Furthermore, it was proposed earlier that broilers, as opposed to layers, are characterized by short-term IgM responses, whereas layers Table 9 . Body weight gain (BWG; g) 1 d after challenge 2 at 7 wk of age (BWG-II), and BWG for 10 wk (BWG-T) mount long-term IgG responses upon exposure to a Tcell-dependent antigen (Koenen et al. 2002) . The challenge doses of HuSA and RGG were chosen such that specific antibody responses could be either enhanced and accelerated (Parmentier et al., 2008) or decreased and delayed. The single challenge dose for LPS at 3 and 7 wk of age was 500 times higher per day than the amount that is normally inhaled by a healthy chicken per day (estimated at approximately 1 μg) when kept under routine housing (floor) conditions. However, it should be kept in mind that at 7 wk of age, levels of airborne LPS in the chicken house might have affected immune responsiveness of the birds differently as compared with 3 wk of age, apart from the experimental treatments. Earlier studies with LPS and other PAMP administered to broilers and layers either i.t. or via other routes revealed that repeated challenge with PAMP such as LPS resulted in refractive responses with respect to BW (gain) and immune responsiveness (Korver et al., 1998; Parmentier et al., 2006 Parmentier et al., , 2008 , suggesting a form of innate memory. In addition, repeated challenge of poultry with LPS resulted in antibody responses to LPS, with characteristics of T-cell-dependent immune responses (Parmentier et al., 2008) . Pathogen-associated molecular patterns such as LPS bind to the TLR present on antigen-presenting cells that release various cytokines thereupon, activating various kinds of T cells (Prescott and Dunstan, 2005; Lee and Iwasaki, 2007) and providing a direct link between innate and specific immunity. However, TLR were also found on (mammalian) CD4 + Tregs (Caramalho et al., 2003; Xu et al., 2004) , CD8 + Tregs (Prescott and Dunstan, 2005) , and B cells (Bernasconi et al., 2003; Quintana et al., 2008) . All these lymphocyte classes responded to PAMP such as LPS. It was proposed that a proper balance of immune responses rests on appropriate microbial exposure of Tregs during early life, which may accelerate maturation of the regulatory pathways (Caramalho et al., 2003) in mammals, whereas hypersensitivity, allergy, or immune suppression may rest on a lack of (CD8 + ) Treg maturation by PAMP exposure (Prescott and Dunstan, 2005) . Recognition of specific protein antigens leads to antigen-specific memory, but (nonspecific) recognition of danger signals, such as LPS, by the innate immune system (antigen-presenting cells) or components of specific immunity (T cells) may determine the size, nature, and longevity of a specific (secondary) immune response. Recognition of danger might have long-lasting effects on CD8 memory T cells, specifically enhancing early cytokine release and altering the nature of subsequent immune responses (Noble, 2009 ). Finally, PAMP activation of TLR on B cells might be involved in the maintenance of specific and nonspecific humoral memory (Bernasconi et al., 2003) . However, whether these phenomena are present in poultry is unknown.
In the present study, we therefore evaluated 1) the effect of early exposure (at 3 wk of age) to LPS in the presence or absence of a concurrent immunization with a specific antigen (HuSA) to measure the effect of LPS on primary T-cell-dependent specific antibody responses to HuSA (challenge 1 effect), 2) the effect of repeated exposure to LPS at 7 wk of age in the presence or absence of HuSA to measure the effects of LPS on secondary antibody responses to HuSA (group effect), 3) the effect of early (3 wk before) or concurrent challenge of LPS and RGG on primary antibody responses to RGG at 7 wk of age (group effect), and 4) the effect of early (3 wk of age) LPS exposure on specific antibodies to HuSA or RGG responses 4 wk later (group effect). We studied whether LPS affected primary specific T-cell-dependent antibody responses at 3 and 7 wk of age, or whether early exposure to LPS (3 wk of age) also modulated T-cell-dependent antibody responses, either primary or secondary, in a non-antigen-specific fashion later in life (7 wk of age).
With respect to the first objective, primary antibody responses to HuSA were enhanced in birds after concurrent i.t. challenge with LPS at 3 wk of age. Enhancement of primary antibody responses to a T-celldependent antigen such as HuSA in the presence of LPS was found previously in broilers (Lai et al., 2009) and layers (Parmentier et al., 2008) . Immunoglobulin G, but not IgM, primary antibody responses to HuSA were especially enhanced (Table 2) in HuSA-challenged birds, which corresponds with the putative involvement of CD4 + T cells being activated by PAMP. Similarly, LPS enhanced primary total immunoglobulin and IgG antibody responses to HuSA (groups 1 and 4 vs. 10 and 11; Table 3 ), suggesting the involvement of CD4 + T cells activated by LPS. In addition, primary total specific antibody responses to RGG after challenge at 7 wk of age were enhanced by concurrent LPS challenge (groups 1 to 7; Table 7 ). The latter suggests that a putative "natural" environmental LPS challenge did not affect the modulatory features of the experimental LPS challenge at 7 wk of age.
With respect to the second objective, the specific total as well as the isotype-specific (IgM, IgG) antibody responses to HuSA at 7 wk of age were affected by the specific antigen; as expected, (secondary) responses were higher in groups that had already received HuSA at 3 wk of age (antigen-specific memory), but surprisingly, the antibody responses to HuSA were highest in groups that received HuSA for the first time concurrently with LPS at 7 wk of age, as well as in birds that received LPS without HuSA at 3 wk of age. The significant differences between group 1 vs. group 2, group 3 vs. group 5, and group 4 vs. group 6, respectively, indicated that LPS enhanced primary antibody responses. In addition, the significant differences between group 3 vs. group 8, group 4 vs. group 11, and group 7 vs. group 9 suggested that LPS has a negative effect, or at least no effect, on secondary antibody responses to HuSA (Table 3 ). It is tempting to speculate that indeed, as suggested for mammals, early and repeated PAMP (LPS) exposure results in 2 different forms of regulation of antigen-specific immune responses (Noble, 2009 ). The current data suggested that in broilers, exposure to PAMP, such as LPS, at an early age via the respiratory route may affect (enhance) primary and secondary immune responses, and may therefore have consequences for vaccination strategies and health management. For instance, application of PAMP within vaccines or challenge of birds with PAMP before vaccination may enhance the efficacy of vaccination. In the present study, antibody responses to LPS after challenge at both 3 and 7 wk of age were low. The highest responses were found in birds that received LPS twice (group 6; Table 5 ). Earlier, we also found lower antibody responses to LPS in broilers (Lai et al., 2009) than in layers (Parmentier et al., 2008) .
With respect to the third and fourth objectives, total antibody responses to RGG at 7 wk of age were highest in birds that received LPS and RGG concurrently at 7 wk of age (groups 1 to 7; Table 7) ; however, the highest response was found in birds in group 4, which received LPS alone 4 wk earlier. This suggests that activation of the immune system with a PAMP, such as LPS, at a young age enhances immune responsiveness to specific antigens (HuSA, RGG) at a later age in an antigennonspecific (possibly innate) fashion, which was also suggested for the third objective, as discussed above.
Finally, all birds treated i.t. with LPS at 3 wk of age showed reduced BWG, as expected. Human serum albumin decreased the loss of BWG at 3 wk of age, suggesting an interaction between innate and specific immune responses. Earlier, we found that the temporary decrease in BWG after secondary challenge to LPS was much less severe (Parmentier et al., 2008; Lai et al., 2009 ), suggesting adaptation of the birds to challenge with LPS and final recovery of the birds from i.t. challenges. Therefore, in the present study, we expected lower BWG in groups that received LPS for the first time at 7 wk of age (e.g., groups 1, 2, and 7). However, lower BWG was determined in the groups that received LPS alone (groups 4 and 6; Table 9 ) or HuSA alone (groups 7 and 9; Table 9 ) at 3 wk of age, which is difficult to explain. Concurrent challenge at 3 wk of age with an innate antigen (LPS) and a specific antigen (HuSA; groups 3, 5, and 8) resulted in a less severe loss of BW at 7 wk of age after LPS challenge.
We conclude that LPS, which is the major component of dust present in poultry houses, can modulate specific primary antibody responses to specific antigens administered concurrently (HuSA, RGG) to broilers at 3 and 7 wk of age. However, LPS may also affect specific primary antibody responses to these antigens even when these antigens are administered 4 wk later. This suggests an enhanced sensory status of the immune system. On the other hand, LPS did not enhance, and only slightly affected, secondary antibody responses to specific antigens, suggesting that, as proposed for mammals, PAMP are indeed required for maturation of regulation (Noble, 2009 ). Whether the present findings rest on these mechanisms is the subject of future studies. Our data suggest that environmental hygienic conditions may affect not only immune responsiveness, and therefore responses to vaccination or infectious diseases, but also other physiological parameters, such as BWG (albeit temporarily). Further studies are in progress to address these issues.
